In the course of the studies on the physiology and metabolism of hydrocarbon-utilizing yeasts, we observed several interesting cytological as well as metabolic features of these yeasts (6, 16, 25, 26) . Microbodies appeared profusely in the yeast cells during assimilation of hydrocarbon; catalase was confirmed cytochemically in these microbodies; appearance of microbodies was in harmony with increase of catalase activity in the cells; and electron microscopic observation presented evidence supporting a possibility that these microbodies grow by division in hydrocarbon-utilizing yeast cells of early growth phase. However, the relationship between catalase and hydrocarbon assimilation remains to be elucidated.
On the other hand, the role of catalase in methanol oxidation by yeasts has been well established (4, 10, 19) . That is, methanol is transformed to formaldehyde and hydrogen peroxide in the first step of oxidative utilization of methanol mediated by a flavin-dependent alcohol oxidase (4, 20, 23, 24) . Catalase is indispensable for the degradation of hydrogen peroxide. In fact, induction of catalase in methanol-utilizing yeasts has been demonstrated (10, 19) . These facts strongly suggest that such microbodies as those observed in hydrocarbon-utilizing yeasts should appear in methanol-utilizing yeasts.
This paper deals with the cytochemical observation on the appearance of microbodies in methanol-assimilating yeasts and its relationship to high catalase activity, in comparison with that of hydrocarbon-utilizing yeasts.
Although Avers and her co-workers (1, 2) demonstrated occurrence of microbodies in various strains of Saccharomyces cerevisiae, the number of organelles in the cells was very small. We believe that our observation on profuse appearance of microbodies in methanol-utilizing yeasts, as well as in hydrocarbon-utilizing yeasts, will provide useful information on the biogenesis and function of yeast microbodies.
MATERIALS AND METHODS
Microorganisms. For electron microscopic study, four strains of methanol-utilizing yeasts were used: Candida sp. N-16 (28), Hansenula polymorpha ATCC 26012 (12), Kloeckera sp. no. 2201 (14) (15) . These yeasts, except C. tropicalis, were stored on agar slants of glucose or methanol medium as described below. C. tropicalis was stored on a malt extract-agar slant.
Cultivation. C. tropicalis was cultivated by the 318 FUKUI ET AL.
method described previously (7) . Methanol-utilizing yeasts were precultured in a glucose medium for 24 h with shaking at 30 C. Washed cells were inoculated into 500-ml shaking flasks containing 50 ml of medium and cultivated with shaking (220 rpm) at 30 C. 2). The cell suspension (2 mg of dry cell per ml) thus obtained was sonicated for 5 min at 20 kilocycles below 4 C. The sonicated cell suspension was employed as the enzyme source, since about 10 to 20% of the activity was recovered in the sedimented cell debris on centrifugation at 1,000 x g. Catalase activity was assayed according to the procedure based on the titanium color reaction for hydrogen peroxide (17), as described previously (26) . The reaction mixture, consisting of 7.0 ml of 0.05 M potassium phosphate buffer (pH 7.2), 5.0 ml of 5 mM hydrogen peroxide, and the enzyme source (final volume, 13 ml), was incubated at 25 C. The reaction was initiated by adding the enzyme source to the reaction mixture. Then 2-ml portions were removed at intervals and applied to test tubes containing 5 ml of the titanium reagent. This served to stop the enzyme reaction and to develop the stable yellow color, which was measured at 410 nm for the estimation of residual hydrogen peroxide. The modified method of Patti and Bonet-Maury (17) was employed to prepare the titanium reagent. One gram of TiO2 and 10 g of K,SO4 were mixed and digested with 150 ml of concentrated H2SO4 for 2 to 3 h on a mantle heater. The digest was then cooled, diluted to 1.5 liters with distilled water, and used as the titanium reagent.
Electron microscopy. Cells of early to middle exponential growth phase were harvested by centrifugation and washed twice with distilled water. Then, the cells were fixed with 5% glutaraldehyde in 0.1 M potassium phosphate buffer (pH 7.2), washed with the same buffer several times, and postfixed with 1.5% potassium permanganate for 16 h. Although treatment with glutaraldehyde and osmium tetraoxide is generally used for fixation, we found that removal of cell wall was necessary before the postfixation with osmium tetraoxide to observe clearly the ultrastructure of our specimens (16) . Hence, to study the whole structure, including cell wall, precisely, we employed the glutaraldehyde-KMnO4 treatment in part of this study. After the fixation, cells were stained with 1.5% uranyl acetate for 90 min, dehydrated with acetone series, and embedded in a mixture of butyl-and methylmethacrylate (7:3) .
To detect the localization of catalase activity, the cells fixed with glutaraldehyde were treated with 3,3'-diaminobenzidine (DAB) (13) . The reaction mixture was as follows: 20 mg of DAB .4HCl, 9.8 ml of 0.05 M 2-amino-2-methyl-1,3-propanediol buffer (pH 10), 0.2 ml of 1% H202, and 1 ml of cell suspension (corresponding to 20 to 30 mg of dry cell). After the DAB treatment for 60 min at 37 C, the cells were digested with "Zymolyase" of Kirin Brewing Co., Tokyo, Japan (11), according to the following procedure. Yeast cells (corresponding to 50 to 75 mg of dry cells), 100 U of zymolyase, 0.8 M sorbitol, 100 mM beta-mercaptoethanol, and 0.05 M potassium phosphate buffer (pH 7.2) in a total volume of 10 ml were mixed and incubated at 30 C for 90 min with shaking. The cells thus treated were fixed with 4% osmium tetraoxide in aqueous solution for 90 min, followed by contrasting the specimen with 1.5% uranyl acetate for 90 min. The treatment with zymolyase was necessary before the postfixation with osmium tetraoxide as mentioned above. The cells thus treated were dehydrated with acetone series and embedded in an Epon 812 mixture. In some cases, cells were treated with this procedure except for DAB reaction.
Sections were made by a Reichert OmU3 ultramicrotome and stained with uranyl acetate, followed by the modified lead citrate procedure described by Reynolds (18) . Specimens treated with DAB were not stained. All specimens were viewed on a JEM-100B electron microscope at 80 kV.
RESULTS
In the previous papers from our laboratories (6, 16, 25, 26), we described the profuse appearance of microbodies and concomitant increase of catalase activities in Candida yeasts growing on hydrocarbon. Figure 1 shows the typical electron micrographs of a glucose-grown cell (la) and a hydrocarbon-grown cell (lb) of C. tropicalis pK 233. Only in the hydrocarbon-grown cell can abundant special microbodies be detected, in addition to the known organella such as mitochondria. The localization in these microbodies of catalase activity, a marker enzyme of microbodies (3, 27) , was demonstrated cytochemically by use of DAB (6, 16) . Furthermore, the increase of microbodies was in parallel with the increase of catalase activity in the yeast cells (unpublished data), suggesting an intimate relationship between profuse occurrence of microbodies and high catalase activity in hydrocarbon-utilizing yeasts. Table 1 shows that the catalase activities of methanol-grown cells of nine strains of yeasts were markedly high as compared with those of the corresponding glucose-and ethanol-grown cells. served in the ethanol-grown cell (Fig. 2a) . The appearance of the organella in the methanolutilizing cell would be consistent with their high catalase activity. However, the morphological features of these organella, supposed to be microbodies, were significantly different from those of the microbodies of hydrocarbon-grown C. tropicalis (see Fig. lb ). The size of each microbody of the methanol utilizer was larger than that of C. tropicalis; the number of the organella was small in the former yeast; and microbodies of the methanol utilizer were always observed in an associated state (Fig. 2b) . Figures 3, 4 , and 5 show the ultrastructures of P. trehalophila, H. polymorpha, and Candida sp. N-16, respectively. In these cases, too, microbodies were observed only in the methanol-grown cells. When these four strains of yeasts were grown on glucose, microbodies were hardly detected in the cells (unpublished observation). Association of large microbodies was also observed in the methanolgrown cells of P. trehalophila (Fig. 3b) , H. polymorpha (Fig. 4) , and Candida sp. N-16 (Fig. 5) . Microbodies of these cells, as well as those of Kloeckera sp. (Fig. 2b) , had somewhat electron-dense matrixes and, in some cases, contacted closely with endoplasmic reticulum (Fig. 3b) . Furthermore, we examined five other strains (Table 1) by electron microscopy and observed similar phenomena (unpublished observation).
When methanol-grown cells of Kloeckera sp. were fixed with glutaraldehyde-osmium tetraoxide and embedded in Epon, a crystalloid structure was clearly observed in the microbodies (Fig. 6) . In some cases, these crystalloids were observed in the restricted areas of these microbodies, which were rather small in shape and loosely associated (Fig. 6a) . In other cases, angular, large microbodies, whose matrix was almost completely occupied by crystalloids, were observed in a closely associated form (Fig.  6b) . This difference in morphology may reflect the growth phases of microbodies in methanolutilizing yeast. Such crystalloids were never detected in microbodies of hydrocarbon-grown C. tropicalis, even when the cells were fixed with glutaraldehyde-osmium tetraoxide and embedded in Epon (unpublished observation).
To detect the localization of catalase in the microbodies of methanol-utilizing yeasts, these cells were treated with DAB. Figure 7 shows the electron micrographs of the DAB-treated cells of methanol-grown Kloeckera sp. (7a), H. polymorpha (7b), Candida sp. N-16 (7c), and P. trehalophila (7d), and hydrocarbon-grown C. tropicalis (7e). DAB reaction was observed strongly at the crystalloids in microbodies of methanol-grown yeasts, but not in other parts of the microbody matrix (Fig. 7a-d) . On the other hand, microbodies of hydrocarbon-grown C. tropicalis were stained homogeneously by this treatment (Fig. 7e) . Although the electron density of these stained microbodies was markedly lower than that of mitochondrial cristae when intact cells were subjected to DAB treatment, microbodies isolated from the cells were strongly and homogeneously stained with this reagent. The localization of catalase in the isolated microbodies was confirmed (unpublished data). These results indicate that catalase activities distribute homogeneously in the microbodies of C. tropicalis grown on hydrocarbon, but are localized at crystalloids in the microbodies of methanol-utilizing yeasts. The DAB reaction product also occurred on cristae of mitochondria of methanol utilizers as well as on C. tropicalis (6, 16) . This could be ascribable to the presence of some peroxidases, e.g., cytochrome c peroxidase, in mitochondria.
DISCUSSION
Microbodies have been detected by many investigators as special organella in animal and plant tissues and called "peroxisomes" or "glyoxysomes" because of their physiological functions (9, 27) . However, occurrence of microbodies in yeasts has seldom been reported. case, they observed only one or less than one microbody (average value) per section of one yeast cell. During studies on the physiology and metabolism of hydrocarbon-utilizing yeasts, we observed that hydrocarbon-grown cells contained a large number of specific microbodies whose development was connected with hydrocarbon assimilation (6, 16) . Concomitantly the activity of catalase, a marker enzyme of microbodies (3, 27) , increased significantly, and the localization of catalase in microbodies was demonstrated cytochemically by use of DAB in these cells (25, 26) . Although we cannot explain a clear-cut role of catalase in hydrocarbon oxidation, there might be a close relationship among appearance of microbodies, increase of catalase activity, and oxidative utilization of hydrocarbon. Furthermore, these yeasts would provide us with convenient tools for the investigation of microbody biogenesis.
On the other hand, it has been well established that catalase plays an important role in methanol oxidation by yeast. That is, flavindependent alcohol oxidases (4, 20, 24) of yeasts mediate the oxidation of methanol by molecular oxygen to form formaldehyde and hydrogen peroxide. Hydrogen peroxide thus formed is degraded by catalase, and the oxidation of another molecule of methanol links to this reaction (4, 19) . Recently, the occurrence of an oxygen-dependent formaldehyde oxidase in a methanol-utilizing yeast has been reported (5). Thus, catalase has an important role in methanol-assimilating yeasts and is inducible by methanol (10, 19) . Available information indicates the localization of catalase in microbodies of various organisms (9) . Yeast microbodies also have been shown to contain catalase activity, as reported by Avers and her co-workers (8, 21) and by us (16) . Taking these facts into account, it is reasonable to expect the occurrence of microbodies in methanol-assimilating yeast cells. Figures 2 through 5 show that microbodies appeared in methanol-grown cells, not in ethanol-grown cells, of Kloeckera sp., Candida sp. N-16, H. polymorpha, and P. trehalophila. Although the results were not shown in this paper, the other five strains of yeasts listed in Table 1 contained microbodies only when grown on methanol. Microbodies were hardly observed in glucose-grown cells of these nirie yeasts (unpublished observation). These results are in good agreement with the high content of catalase in these methanol-grown cells (Table 1) as in the case of hydrocarbon-utilizing yeasts (25, 26) .
Microbodies of methanol-utilizing yeasts are significantly different in morphology from those of hydrocarbon-utilizing yeasts. They are large in size and always in associated forms (Fig. 2b , 3b, 4, and 5). Their matrixes are somewhat electron dense when fixed with glutaraldehydeKMnO4, and crystalloid structure was observed clearly by fixation with glutaraldehyde-OsO0 (Fig. 6 ). Crystalloids were never observed in microbodies of hydrocarbon-utilizing yeasts (unpublished observation). Although the function of crystalloids has not yet been clarified, it is very interesting that a strong deposition of DAB, which has been used for cytochemical detection of catalase, occurred at crystalloids (Fig. 7a-d) . Such localization of catalase activity was not observed in microbodies of C. tropicalis grown on hydrocarbon (Fig. 7e) . Although close contact of microbodies with endoplasmic reticulum was observed (Fig. 3b) , it would be unreasonable to discuss the origin and continuity of microbodies in methanol-utilizing yeasts from the results presented here. Studies on the origin and biogenesis of yeast microbodies and their isolation from hydrocarbon-or methanol-grown yeasts are now underway. We believe that these yeasts would serve as an excellent source for cytological and biochemical studies of microbodies.
